The expansion of the sugarcane industry in Brazil has intensified the mechanization of agriculture and caused effects on the soil physical quality. the purpose of this study was to evaluate the limiting water range and soil bearing capacity of a Latossolo vermelho distroférrico típico (Rhodic Hapludox) under the influence of different tractor-trailers used in mechanical sugarcane harvesting. the experiment was arranged in a randomized block design with five replications. The treatments consisted of green sugarcane harvesting with: harvester without trailer (t1); harvester with two trailers with a capacity of 10 mg each (t2); harvester with trailer with a capacity of 20 mg (t3) and harvester and truck with trailer with a capacity of 20 mg (10 mg per compartment) (t4). the least limiting water range and soil bearing capacity were evaluated. the transport equipment to remove the harvested sugarcane from the field (trailer) at harvest decreased the least limiting water range, reducing the structural soil quality. the truck trailer caused the greatest impact on the soil physical properties studied. the soil load bearing capacity was unaffected by the treatments, since the pressure of the harvester (t1) exceeded the pre-consolidation pressure of the soil.
introduCtion
In Brazil, sugarcane (Saccharum spp.) has a considerable historical socio-economic significance. In the Center-South region of Brazil, sugarcane is harvested from April through October (Horii, 2004) , which is a period of low rainfall. On the other hand, the second growing season tends to be shortened (Severiano et al., 2009) , which leads to traffic of harvest machines at high soil water content. This situation of shortened late seasons is more characteristic in regions where rainfall is more evenly distributed throughout the year. In these areas, traffic on soil at unsuitable levels of water content has promoted compaction by affecting the physical quality and resulted in drawbacks for plant growth and development, diminishing yields over the years (Souza et al., 2006) .
Thus, indicators that reflect existing physical soil conditions should be established to support better management practices. The compressibility curve can be proposed as an indicator of the soil physical quality, which can be used to minimize soil physical degradation, since it can show changes in the soil structure (Dias Junior and Pierce, 1996) .
Degradation of soil structure through the use of farm machinery under unsuitable moisture conditions has been the main reason for losses in crop yield potential. With models of load bearing capacity (LBC), it was found that the best time for soil management practices, depending on soil moisture, differs between crops, varying according to the soil moisture and density (Bergamin et al., 2010b) .
Another indicator of soil physical quality is the least limiting water range (LLWR), which can be used to identify soil physical limitations and thus assist producers in choosing better management techniques (Bergamin et al., 2010a) . The LLWR is a good indicator of soil physical quality because it incorporates the plant growth limitations due to aeration, water availability and soil penetration resistance in a single parameter (Silva et al., 1994) . This indicator is correlated with plant growth (Tormena et al., 2007) .
The changes introduced in the structural soil quality, expressed by LBC and LLWR, deserve attention and analysis in research. The objective of this study was to evaluate the effect of different tractor-trailers used in mechanical harvesting of green sugarcane on the load bearing capacity and limiting water range of a very clayey Latossolo Vermelho Distroférrico típico (Rhodic Hapludox).
materiaL and methods
The study was conducted in a commercial cultivation area on the Fazenda Dallas in the municipality of Ponta Porã, MS, in the growing season 2012/2013 (latitude 22º 24' 58" S, longitude 55° 05' 30" W; 410 m asl). The climate is Cwa, according to the Köppen classification, with annual averages of 1,400 mm rainfall and 18 °C in the colder and 25 °C in the warmer months, respectively. The soil in the area was classified as a very clayey Latossolo Vermelho Distroférrico típico (Rhodic Hapludox), with 601 g kg -1 clay, 219 g kg -1 silt and 180 g kg -1 sand (Donagema et al., 2011) The experiment was installed in a commercial sugarcane (Saccharum spp) field with plant cane (first crop), in August 2013. for planting by disk harrowing with cutting discs 34", subsoiling with a sugarcane subsoiler to a depth of 0.45 m, and moderate harrowing with cutting disks of 28". Planting was fully mechanized (April 2012), using variety RB 85 5156.
The experiment was arranged in strip plots, in a randomized block design with four treatments, evaluated at two depths (0.10 and 0.20 m), with five replications. The treatments consisted of: T1 -harvester without trailer; T2 -harvester and tractor coupled with two trailers with 10 Mg capacity each; T3 -harvester and tractor coupled with a trailer with 22 Mg capacity; and T4 -harvester and truck with two trailers with 10 Mg capacity each. In all treatments except T1, the harvested cane transport equipment was loaded with 20 Mg of sugarcane. The collection rate was 5 km h -1 .
The combine used in this experiment was a John
Deere sugarcane harvester, model 3520, with 335 cv (246 kW) raw power and 17 Mg weight, distributed on two tracks. One of the towable trailers used in the experiment was a Santa Izabel model TLSI, with a weight of 8.0 Mg, distributed on four high flotation tires Model 600/50-22.5 with inflation pressure of 0.38 MPa, with a load capacity up to 10 Mg of sugarcane, being used two tractor-trailers coupled to the tractor with a total weight of the load of 46 Mg (T2). The other tractor-trailer, with a capacity of up to 22 Mg of sugarcane, was a Teston Giant 22,000 BP model, with a mean weight of 12.5 Mg, distributed on eight tires, four front tires Model 550/45-22.5 with inflation pressure of 0.29 MPa and four rear tires Model 600/50-22.5 with 0.38 MPa inflation pressure, considered high, with a total weight of the loaded set of 43 Mg (T3). In addition, a truck model 2628 with a weight of 17 Mg distributed on 10 low-flotation tires, model 1000/R20, inflation pressure 0.76 MPa, with two trailers 10 Mg each with a total weight of the loaded vehicles of 37 Mg (T4).
After sugarcane harvesting and the wheeling in traffic treatments, five trenches were opened for each of the four treatments, at a distance of 0.40 m from the sugarcane row where undisturbed soil samples were collected in four 83 cm 3 metal cylinders (radius 3.22 cm, height 2.55 cm). Seven samples per depth and plot were collected, totaling 70 samples per treatment (35 samples per depth).
Each group of 35 samples per treatment and depth was divided into seven groups of five samples, and each group exposed to the following matric potentials: -0.006, -0.01, -0.033, -0.066, -0.1, -0.3, and -1.5 MPa, using a porous plate apparatus (-0.006 MPa) and Richards chamber for the other potentials, as suggested by Klute (1986) .
When the pre-saturated sample reached equilibrium at the potentials cited above, these were weighed and then analyzed for soil penetration resistance, using an electronic static penetrometer at a constant penetration speed of 0.01 m min -1 (cone base diameter 4 mm, angle 30º).
The LLWR was determined as described by Silva et al. (1994) . The critical values of water content associated with the soil matric potential, penetration resistance and aeration porosity, represented respectively by water content at field capacity (θ FC ), potential of -0.01 MPa (Reichardt, 1988) ; the water content at the permanent wilting point (θ PWP ), potential of -1.5 MPa (Savage et al., 1996) ; the volumetric water content of the soil in which the soil penetration resistance (θ PR ) reaches 2.0 MPa (Taylor et al., 1966) ; and the volumetric water content at which air-filled porosity (θ AP ) is 0.10 m 3 m -3 (Grable and Siemer, 1968) .
The θ FC and θ PWP values were calculated by the mathematical model [θ = e (a + bDs) ψ c ], proposed by Silva et al. (1994) , to adjust the original data, which incorporates the variable bulk density in the function used by Ross et al. (1991) , in which θ is the soil water content (m 3 m -3 ); Bd, the bulk density (Mg m -3 ); ψ the matric potential (MPa); and the letters "a", "b" and "c" are empirical fitting coefficients of the model.
The PR values of all samples with known Bd and θ are adjusted mathematically, using the model type (RP = dθ e Ds f ), proposed by Busscher et al. (1990) , in which PR is soil penetration resistance (MPa); θ the soil water content (m 3 m -3 ); Bd the soil bulk density (Mg m -3 ); and the letters "d", "e" and "f" are the empirical fitting coefficients of the model. This equation determined the critical value of θ so that the PR did not exceed 2.0 MPa (θ PR ), depending on Bd. For this, PR is replaced in the equation by the value of 2.0 MPa, regarded as limiting with regard to the LLWR calculation.
The value of θ AP was computed by the model {θ AP = [1 -(Bd/Pd)] -0.10}, in which θ AP is the volumetric soil water content where the water-filled porosity is 0.10 m 3 m -3 ; Bd is the soil density (Mg m -3 ) and Pd the particle density (Mg m -3 ), adopting the value of 2.65 Mg m -3 as mean particle density.
The fitting of the mathematical models and calculation of the coefficients "a", "b", "c", "d", "e" and "f" was performed by nonlinear regression.
The correlation coefficients (r) of the adjusted water retention curves were subjected to the F test, according to Blainski et al. (2009 Blainski et al. ( , 2012 After determining the penetration resistance, the uniaxial compression of the same evaluated samples was tested by a consolidometer, model CNTA-IHM/BR-001/07, according to Bowles (1986) and modified by Dias Junior (1994) . The pressures applied to each sample were: 25; 50; 100; 200; 400; 800; and 1,600 kPa, each being applied until 90 % of the maximum deformation was achieved (Taylor, 1948) . After each uniaxial compression test, the samples were dried at 105-110 °C for 48 h to determine the water content and bulk density by the volumetric ring method, as suggested by Donagemma et al. (2011) .
The soil compression curve was obtained by a method proposed by Dias Junior and Pierce (1995) . Then, the load bearing capacity (σp) with water content values (θ) were adjusted to a decreasing exponential regression of the type [σp = 10 (a + bθ) ], proposed by Dias Junior (1994) , determining the models of the LBC soil load bearing capacity. The letters "a" and "b" represent the empirical model fitting coefficients, i.e., the linear and angular coefficient, respectively.
The models were compared by the homogeneity test of linear models described by Snedecor and Cochran (1989) . To obtain the linear models from the exponential model [10 σp = (a + bθ)], the logarithm was applied to the preconsolidation pressure values, resulting in an equation of the type σp = a + log bθ. The homogeneity test of linear model considers two models, which were compared by the analysis of the intercept "a", slope "b" and data homogeneity (F).
The adjusted curves of load bearing capacity had coefficients of determination (R 2 ) which were tested by the F test as proposed by Blainski et al. (2009 Blainski et al. ( , 2012 .
resuLts and disCussion
All adjusted curves of soil water retention in the soil had significant determination coefficients (R 2 ) by the F test.
It is clear that the adjustment coefficients of the water retention curve in the soil were statistically significant (p<0.01), since the confidence interval of the coefficients does not include the value zero, except for coefficient "b" that was not significant in treatments T1 and T4 and the coefficient "c" in T1, at a depth of 0.10 m (Blainski et al., 2009; .
At 0.20 m depth, the coefficients "b" and "c" were not significant for T3, in addition to coefficient "a" for T4.
The confidence interval of the adjustment coefficients "d", "e" and "f" of the soil penetration resistance curve does not include the value zero, allowing the conclusion that these were statistically significant (p<0.01), as described by Blainski et al. (2009 Blainski et al. ( , 2012 , except for coefficient "d" in T3 and T4, at 0.10 m depth.
The variations in matric potentials at the critical limits corresponding to field capacity (-0.01 MPa), aeration porosity of 10 m 3 m -3 , the permanent wilting point (-1.5 MPa), and penetration resistance of 2.0 MPa were recorded for each value of bulk density in the treatments evaluated at depths of 0.10-0.20 m (Figure 1) .
The values of θ CC , θ PWP at the critical limits of water potential in the soil increased according to Bd (Figure 1 ), as similarly observed by Bergamin et al. (2010a) and Garbiate et al. (2011) , who studied the same soil class.
In clayey Latosols, compaction or increase in Bd affects the inter-aggregate pore space, reducing the diameter of the larger pores so as to become more efficient in retaining water at high potentials (θ cc ) (Kertzman, 1996) . This reduction in the diameter of the larger pores can also be seen in the trend of the curve of macroporosity (Figure 1 ), which decreases with Bd, which is detrimental to the soil quality in the study area.
At the depth of 0.20 m, the coefficients "d" in treatment T3 and "e" in treatment T4 were not significant.
At a low potential, the positive relationship between θ PWP and Bd is due to the larger mass of particles with high surface adsorption, since the compaction does usually not affect microporosity.
Higher Bd values increase the approximation of the solid particles and internal friction between particles, increase soil compressibility, and consequently the compaction values, primarily in the surface layers (Araujo Junior et al., 2011; Pacheco and Cantalice, 2011; Souza et al., 2012) .
At the highest Bd values, the LLWR was reduced in all treatments at a depth of 0.10 m, where the upper limit of porosity of aeration is θ AP, which decreases as bulk density increases and the lower limit of soil penetration resistance is θ PR , which increases parallel to the increase in Bd. This reduction in LLWR observed for high density values was related to the fact that when the values of θ FC , θ PWP and θ PR increase and θ AP values decreases, LLWR can be zero, when the upper and lower limits meet. Similar results were also reported by Silva et al. (1994) , Tormena et al. (2007) , Serafim et al. (2008) , and Lima et al. (2012) .
In soils with lower structural quality, LLWR is primarily reduced by θ AP (Lima et al., 2012) . Kaiser et al. (2009) studied no-tillage management and found that in this system, soil penetration resistance is the lower limit of LLWR and aeration the upper limit, because an increase in Bd and reduction in macroporosity are observed. Treatment T1, despite the lower total weight than in the others, induced a reduction in LLWR at similar intensity as the others. This can be explained by the pressure of the sugarcane harvester that exceeded the support capacity of this soil type, increasing Bd and decreasing aeration porosity. The θ PR can indicate the degree of soil compaction (Lima et al., 2012) , since penetration resistance increases with increasing Bd, coupled with higher particle cohesion (Tormena et al., 2007) . Under this condition, the literature reports restrictions to root growth (Bergamin et al., 2010a,b) . In soils with adequate physical properties, LLWR corresponds to the available water range, with the field capacity as the upper limit and the permanent wilting point the lower limit (Calonego et al., 2011) . However, LLWR is decreased when aeration and soil penetration resistance replace the field capacity and permanent wilting point as upper and lower limits, respectively (Lima, 2011) .
All fitted curves of the LBC models had significant determination coefficients (R 2 ) at 1 % by the F test The confidence interval of the adjustment coefficients of the LBC models does not include the value zero, which allows the conclusion that these were statistically significant (p<0.01), as described by Blainski et al. (2009 Blainski et al. ( , 2012 .
When the difference between the values of linear and angular coefficients were smallest by the LBC models, the σp range is smaller or the curves of LBC models flattened during soil moisture variations (Pacheco and Cantalice, 2011) .
The estimated values of the estimated parameters "a" and "b" of the LBC model, at both depths, ranged from 3.31 (T2) to 3.44 (T4) and -2.20 (T4) to -1.83 (T2 and T3), respectively. The R 2 of LBC models ranged from 0.78 to 0.87.
To evaluate possible changes in soil structure caused by the different treatments, the LBC models were compared by the homogeneity test of linear models (Snedecor and Cochran, 1989) at the different depths, for each treatment. The LBC models at the depths of 0.10-0.20 m were not homogeneous; as a result, the LBC values were different at these depths.
The different types of trailers have a significant influence on the LBC model, based on the F test of data homogeneity of Snedecor and Cochran (1989) , at both depths.
The soil LBC, at a depth of 0.10 m, had the following descending order of σp for the same moisture level: T4>T3>T2.
In all LBC models in the different treatments, σp varied significantly and inversely with θ (Figures 2  and 3 ). The reason is that water acts as a lubricant in the soil and reduces the internal friction between the particles and shear strength (Pacheco and Cantalice, 2011) , allowing a greater accommodation of compressible particles in the process (Lima and Silva, 2006; Silva et al., 2009 ). This exponential decrease in σp with increasing θ (Figures 2 and 3) , according to the soil compressibility model proposed by Dias Junior (1994) , was applied by several authors (Araujo Junior et al., 2011; Pires et al., 2012; Souza et al., 2012) .
These results support the recommendations of Ajayi et al. (2009) , that mechanized operations must be performed based on the LBC, since at high water contents of the soil, the agricultural and environmental sustainability are threatened by damage to the soil structural quality. It is also noteworthy that at the same fixed water content in the soil, lower σp values indicate more porous soils (Lima, 2011) .
The organic C content in topsoil layer is higher, which makes the soil more friable (crumbly) (Araujo Junior et al., 2011) . For the authors, under tensions, the resilience or recovery of the structure of a soil with higher organic C content tends to be greater, whereas the mechanical strength evaluated by LBC models is lower.
At the depth of 0.10 m (Figure 2 ), the LBC was very similar in the treatments; the conclusion can be drawn that the pressure exerted by the harvester was above the load bearing capacity of the soil, and therefore the trailers did not additionally increase the preconsolidation pressure in the treatments T2, T3 and T4.
Mechanized crop operations can result in soil compaction, with deleterious effects on the soil physical quality (Souza et al., 2012) . However, prior knowledge of these effects can be a guide to preventive measures to minimize the damage by adjusting the operation conditions, since there is no other mechanism that can enhance harvest yields as optimally as mechanization.
At a depth of 0.20 m, LBC follows the descending order of σp at the same moisture level: T4>T2>T3>T1 (Figure 3) . The preconsolidation pressure in treatment T4 was highest at this depth. This can be explained by the type of truck tires, where the inflation pressure is the pressure transmitted to the soil. Seraut (1990) studied different types of tires with a pressure of 0.08 to 0.16 MPa, and found that the pressure at the soil surface was similar to the tire inflation pressure and the pressure in the soil, at a depth of 0.30 m, was directly related to that of the tire. Porterfield and Carpenter (1986) , based on the mean contact pressure of a tire on a rigid surface, found that the surface compaction level depends on the contact pressure, whereas deep compaction depends on the contact area, width of the tire and the load it bears.
Compaction caused by traffic of agricultural machinery is the main cause of soil physical degradation by reducing the pore space (Bergamin et al., 2010a) and increasing preconsolidation pressure (Silva et al., 2009) .
Knowing the LBC is critical to determine the most appropriate moisture conditions to implement agricultural activities. When activities must be applied at high moisture levels in the soil or also when equipment at a pressure above the preconsolidation pressure is used, then measures that minimize soil density with consequent reduction of LBC are required.
ConCLusions
Trailers have a negative effect on the soil physical properties, reducing the least water range and increasing load-bearing capacity.
In the treatment with truck wheeling, due to the type of tires used, with smaller soil contact area and higher inflation pressure, the limiting water range was lower, the load bearing capacity greater and the compaction potential higher. 
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